1989; Perry and McIntosh, 1991; Sneller, 1994; Gizlice et al., 1994; Bernard et al., 1998 
T he use of plant introductions for the developa Chinese origin. Kihara (1969) indicated that soybean ment of soybean cultivars will be an important aparrived in Japan about the same time as rice. Soybean proach to create diversity in soybean breeding in the is reported to have come to Korea around the 4th or 5th future (Sneller et al., 1997) . Selecting useful diversity century B.C.E. (Kim, 1993) . It is possible that soybean in from the genetic resources available will be an enormous Japan could have come from either Korea or China. challenge. Knowledge of diversity patterns will allow Because soybean is sensitive to the changes in day length breeders to better understand the evolutionary relationand temperature (Carlson and Lersten, 1987) , it is postuships among accessions, to sample germplasm in a more lated that germplasm is more likely to move east-west systematic fashion, and to develop strategies to incorpoalong similar latitudes than north-south across different rate useful diversity in their breeding programs (Bretlatitudes (Hymowitz and Kaizuma, 1981) . There is too ting and Widrlechner, 1995). Traditionally, evaluating little data on genetic variation to know whether general genetic diversity in soybean has been based on the difgenetic relationships are actually related to latitude and ferences in morphological and agronomic traits or pedithe relatedness of primitive landraces at similar latitudes gree information (Nelson et al., 1987 (Nelson et al., , 1988 Juvik et al., from S. Korea, Japan, and China are totally unknown. Although results have been reported for genetic relationships among some soybean accessions, evaluations random amplified polymorphic DNA; SMC, simple matching coedu).
efficient; UPGMA, unweighted pair group method using arithmetic average. Published in Crop Sci. 41:1337 Sci. 41: -1347 Sci. 41: (2001 .
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MATERIALS AND METHODS
helpful to understand the extent and distribution of genetic diversity in these countries. The objectives of Genetic Materials this study were (i) to evaluate the genetic variation in One hundred-twenty soybean accessions were selected soybean within and among China, S. Korea, and Japan from the USDA Soybean Germplasm Collection based on using 120 accessions from eight Chinese and three S. maturity group (MG) and origin information (Table 1) . Only Korean provinces, and three Japanese districts; and (ii) accessions considered landraces were selected to represent to relate genetic diversity patterns to geographical rethe diversity in each region except two improved breeding lines in MG 0 and 000 from Heilongjiang province in China.
gions. -NX6PI 567490  IV  Hebei  JP-TO1  PI 506592  III  Tohoku  CH-HB6  PI 567503  IV  Hebie  JP-TO2  PI 417201  III  Tohoku  CH-HB7  PI 567509  IV  Hebei  JP-TO3  PI 417291  III  Tohoku  CH-HB8  PI 567501  IV  Hebei  JP-TO4  PI 417485  III  Tohoku  CH-SAX1  PI 567381A  IV  Shaanxi  JP-TO5  PI 416950  IV  Tohoku  CH-SAX2  PI 567395  IV  Shaanxi  JP-TO6  PI 417007  IV  Tohoku  CH-SAX3  PI 567409A  IV  Shaanxi  JP-TO7  PI 417022  IV  Tohoku  CH-SAX4  PI 567375A  IV  Shaanxi  JP-TO8  PI Eight Chinese provinces were included with eight accessions (1988) . Total genomic DNA concentration of each line was estimated with a Perkin-Elmer UV/VIS spectrometer (Perkinfrom each of Henan, Hebei, Shaanxi, and Ningxia provinces, and 10 accessions from each of Heilongjiang, Shandong, Elmer Corporation, Norwalk, CT) and standardized to a uniform concentration (10 ng/L) for the PCR reactions. Jiangsu, and Shanxi provinces. Eight accessions were selected from each of three districts of Japan, Kyushu, Kanto, and Random amplified polymorphic DNA reactions were prepared on the basis of the protocol described by Williams et Tohoku, and from each of three S. Korean provinces, Cheju, Cholla Nam, and Kangwon (Fig. 1) . Shandong, Hebei, Henan, al. (1990) and modified by Kresovich et al. (1994) and Thompson and Nelson (1998a) . The reactions were performed on a Shaanxi, and Shanxi provinces and part of Jiangsu are located in the Huang Huai Hai (HHH) region of east-central China Perkin-Elmer GeneAmp PCR System 9600 or 9700. A total of 35 10-base primers selected by Thompson and Nelson (1998a) where soybean is generally planted in a double cropping system. Ningxia province is located in northern China and Heilonfrom Operon Technologies (Almeda, CA) was used for PCR amplification. Amplified products were electrophoresed on gjiang province is located in the northeast region of China where soybean is spring planted as a single crop. Cheju and 1% (w/v) agarose gels in 1ϫ TBE buffer at 96 V for approximately 3 h. The gels were stained with ethidium bromide, Kyushu are islands in S. Korea and Japan, respectively. Because of their isolation, islands are often sources of unique viewed under ultraviolet light and photographed. germplasm. Because the HHH region of China has been considered as the center of origin (Hymowitz and Kaizuma, 1981) ,
Statistical Analyses
lines were selected from nearly all HHH provinces. To comEach amplified fragment was scored as present (1) or absent pare the genetic diversity patterns across countries at different (0). Fragment size standards were used to assist in scoring the latitudes, accessions were sampled from different areas in gels and all gels were compared to reference gels produced China, S. Korea, and Japan that have similar latitudes from with the same primer to help ensure standard scoring across 33 to 39ЊN. Accessions from Heilongjiang province in China, gels. To compare the polymorphic ratio across data sets, all located at 44 to 53ЊN latitude were included to represent a polymorphic and monomorphic fragments were included in very diverse region. Most of the accessions included are in the analyses. A genetic similarity matrix of genotypes was the U.S. maturity groups (MG) III through VI, but seven calculated by means of simple matching coefficients (SMC), accessions from Shandong, Jiangsu, and Shanxi of China are
where a ϭ number of fragments in in MG I and II. All accessions selected from Heilongjiang common between genotypes; d ϭ number of fragments absent province are in MG 000 through II.
in both genotypes, and b and c ϭ number of fragments not in common between two genotypes (Sokal and Michener, 1958) .
RAPD Profiling
Euclidean distances,
, were calculated on the basis of the similarity coefficients between two genotypes Leaf samples were taken from 10 greenhouse-grown plants for each accession at the unifoliolate leaf stage. The plant by means of a program by Mumm and Dudley (1995) . The MEANS procedure was used to compute the average genetic DNA was extracted by a modified protocol from Keim et al. phism information content (PIC) scores (Anderson et al., 1992) were calculated on the basis of the formula, PIC i ϭ Number of accession and frequencies 1 Ϫ ͚P 2 ij (Weir, 1990, p. 124-134) , 1998) . In UPGMA, the distance between two clusters is the average distance between pairs of observations. In Ward's cluster method (Ward, 1963) , the distance between two clusters is the analysis of variance (ANOVA) sum of squares To demonstrate the relationship between regions, the interbetween the two clusters summed over cluster members. The population distance matrix generated from AMOVA was used nonhierarchical cluster analysis procedure, VARCLUS (SAS as input to perform a cluster analysis with UPGMA procedure Institute, 1989b), was also used in which the original fragment (SAS Institute, 1989a ). data were submitted as input to compute the covariance matrix. VARCLUS performs the disjoining clustering of variables based on a covariance matrix. The clusters are chosen to max-
RESULTS
imize the variation accounted for by the first principal compo-
RAPD Profiles and Genetic Distances
nent. To account for the most variation by the first eigenvalue, the maximum value for the second eigenvalue was set to 0.70.
Thirty-five selected primers yielded a total of 205
A principal component analysis (PCA) was done with a correfragments among the 120 soybean accessions of which lation matrix in PC-SAS using a distance matrix as input (SAS 115 fragments were polymorphic (56%). This ratio was Institute, 1989b) . The scatterplot was generated with only the lower than that found in selected G. max and G. soja first two principal components.
Siebold & Zucc. lines from four Chinese provinces by
By means of the analysis of molecular variance (AMOVA) Nelson and Li (1998) . The size of fragments scored program (Schneider et al., 1997) , components of variance atranged from approximately 400 to 1600 base pairs. The tributable to differences among countries, among regional populations within countries, and among individuals within average number of polymorphic fragments per primer populations were estimated from the squared Euclidean diswas 3.3. Of the 205 RAPD fragments scored, eight fragtance matrix, as specified in AMOVA, calculated from SMC.
ments (4% of total) were not present in accessions from
The significance of variance components associated with the S. Korea, Japan or both (Table 2) . Because fragments different possible levels of genetic structure was tested by a unique to a particular country were rare, patterns of nonparametric permutation procedure (Excoffier et al., 1992) . divergence found among the gene pools were attributThe number of permutations for significance testing was set able largely to differences in fragment frequencies. The at 100 for all analyses. The genetic distances between any two proportions of soybean accessions with the polymorphic populations were represented by F st , a value of F statistic analogues computed from AMOVA (Schneider et al., 1997) .
RAPD fragments ranged from 2 to 98% with a mean frequency of 54% (Fig. 2) . This even distribution of rity groups and also differed in several commonly used descriptive traits. The maximum genetic distance (0.55) frequencies is advantageous for diversity studies.
Polymorphism information content (PIC) scores repoccurred between the pair of accessions CH-NX3 and KO-CN7 that came from Ningxia, China and Cholla resent the gene diversity for a specific locus. The higher the PIC score for a locus, the higher the probability that Nam, S. Korea and were in MG III and V. Accessions with relatively similar maturity groups can be genetically polymorphism will exist between two accessions at that locus. The range of PIC scores in this study was 0.03 to very different. Among 200 pairs of accessions with the lowest genetic distances, the minimum distance occurred 0.50 with the mean of 0.32 and a standard deviation of 0.14. Because RAPD markers are usually dominant between lines from Cholla Nam, S. Korea, but only 4 of the 200 lowest distances came from this region. Most markers, 0.50 will be the highest PIC score for any fragment.
of the lowest genetic distances occurred between accessions from Japan and S. Korea. Many of these pairs Genetic distances between genotypes ranged from 0.14 to 0.55 with a mean of 0.42. Two pairs of accessions, were from different regions within these countries but some were from different countries. Only a few existed KO-CN4 and KO-CN6 from Cholla Nam, S. Korea and the accessions CH-HN5 and CN-HB6 from neighboring within China or between China and Japan or S. Korea. Among the 200 pairs of accessions with the highest provinces Hebei and Henan in China, had the minimum genetic distance (0.14). Both pairs had different matudistances, most occurred between the accessions from China and Japan or S. Korea as well as between accesThe accessions from China had the largest withincountry mean genetic distance (0.42). This mean was sions from different Chinese provinces. The accessions CH-SAX4, CH-NX3, CH-HN4, CH-HB2, and CH-HB3 significantly different from the mean genetic distance within both Japan and S. Korea (Table 3 ). The accesfrom Shaanxi, Ningxia, Henan, and Hebei had the largest average genetic distances with other accessions sions from Japan and S. Korea had similar but much smaller average genetic distances (0.37 and 0.37) (Table (0.45-0.47). These genetic distances exceeded all of the mean genetic distances between countries.
3). All of the within-and between-country differences were compared with t tests (Table 3) . For example, the than that between Japan and S. Korea. The intersection of the column with the Japan-Korea heading with the intersection of the column labeled Japan with the row labeled China is comparing the average genetic distance row labeled Japan is comparing the average genetic distance between Japan and Korea with the average within China with the average genetic distance within Japan. The average genetic distance between either genetic distance within Japan. The average genetic distance between Japan and S. Korea was slightly greater China and Japan or China and S. Korea was much larger binations of the original variables. With few exceptions, the accessions from Japan and S. Korea are completely and Shaanxi provinces. Clusters 3, 15, and 25 were twoseparated from the Chinese accessions by plotting the or three-member clusters that included lines from the first two principal components (Fig. 3) . JP-TO3 and JPsame region or neighboring provinces in China. CH-KA4 from Japan were mixed with lines from Ningxia, HL9 and CH-SX5 from Heilongjiang and Shaanxi provChina. KO-CH4 and KO-CN8 from S. Korea were inces were not consistently defined by the three proceplaced very close to two lines from Shaanxi and one dures and we classified them as outliers. CH-HL9 was line from Heilongjiang, China. CH-HN7 from Henan one of the two improved breeding lines included in this province was the only Chinese line that was part of the study. The pedigree of this line included landraces from Japan and S. Korea group. Lines from same provinces or Jilin and Liaoning provinces, which are also in the northregions generally clustered together. The first principal east region of China. component accounted for 24% of the total variation Among those clusters containing no Chinese accesand the second principal component accounted for 8%
sions, only Cluster 9 consisted of lines solely from S. of the total variation. Although both components exKorea. The accessions in Cluster 4 were predominately plained less than one third of the total variation, the from Cholla Nam tently defined by all three procedures contained one clusters that accounted for 72% of the total variation member, KO-KW8, from Kangwon of S. Korea and (Table 4) . On the basis of the data from all three procethree members, CH-HN7, CH-JS5, and CH-SD4, from dures, 27 consensus clusters were defined with two outlithree neighboring provinces in China. Clusters 21, 22, ers (Table 4) . Of the 27 consensus clusters, 17 clusters and 26, each contained one line from Japan and one were consistently defined by all three procedures, nine line from China. clusters were determined by two of three procedures, and one cluster was defined with only the VARCLUS AMOVA to Partition Genetic Variance procedure. Sixteen clusters and two outliers involved among the Populations only Chinese accessions of which 11 clusters were consistently defined by all three procedures. Six clusters inThe AMOVA program can estimate and partition total molecular marker variance among countries, among popcluded both Japanese and S. Korean accessions of which four clusters were consistently determined by the three ulations (regional groups) and within populations, and test the significance of partitioned variance components procedures. One cluster defined by all three procedures consisted of only S. Korean accessions. There were three using a permutation testing procedure (Excoffier et al., 1992; Schneider et al., 1997) . The differences among two-member clusters and one four-member cluster that contained both Chinese and Japanese or S. Korean accountries and among populations within countries were both significant but the greatest variation was found cessions of which two clusters were consistently defined by all three procedures. There were one and half times among individuals within populations (Table 5) . Population pairwise comparisons on the basis of F st , more accessions from China than from both Japan and S. Korea, but the Chinese accessions formed more than values can be interpreted as standardized interpopulation distances between regional groups. The population two and half times more clusters.
Among the Chinese accessions, Clusters 1, 6, 7, 15, pairwise distances ranged from 0.01 between the Tohoku and Kanto groups in Japan to 0.35 between the and 20 included only accessions from the same province (Jiangsu, Ningxia, or Heilongjiang) and Clusters 5, 8, 11, Kyushu, Japan and Ningxia, China groups (Table 6 ).
The pairwise comparisons of regions between China and 13, 16, 23, and 27 were dominated by accessions from a single province including Shandong, Hebei, Shanxi, and Japan ranged from 0.11 to 0.35. The same comparisons between China and S. Korea were similar with a range Henan. All other members of these clusters except for Cluster 16 came from neighboring provinces. Cluster 16 from 0.17 to 0.34 (Table 6 ). The pairwise comparisons between regions of S. Korea and Japan where genercontained six accessions from four provinces in the HHH region and one line from Heilongjiang. Cluster ally much smaller and ranged from only 0.04 to 0.10. The populations from both Japan and S. Korea were 12 consisted of six members with three each from Hebei probes and types and number of lines being evaluated Japan and S. Korea were significantly different. Within (Keim et al., 1992) . The ratio of polymorphic RAPD China, all of interpopulation distances were significantly fragments observed in this study was relatively higher different except those combinations between Henan, than previous reports. All of the RAPD primers used Hebei, and Shaanxi provinces. These three provinces in this research were selected for high PIC scores in share common borders. Within Japan, none of the interdiverse germplasm (Thompson and Nelson, 1998b ) and population distances were significantly different. Althe soybean accessions were selected to represent the though Cheju is an island in S. Korea, the accessions landrace diversity from diverse regions and were not from Cheju were not genetically different from those representative of modern cultivars or enhanced germfrom Cholla Nam.
To visualize the genetic relationship among regional populations clearly, the values of F st from Table 6 were submitted to hierarchical clustering by UPGMA. The cluster analysis totally separated the Chinese lines from the Japanese and S. Korean lines (Fig. 4) . The accessions from Henan, Hebei, and Shaanxi provinces of China were the most closely related and the accessions from Shanxi, Jiangsu, and Shandong also formed a tight cluster. The accessions from Heilongjiang and Ningxia were distinct from the others. These two provinces from different regions of China are the only Chinese provinces represented where soybean is generally a spring-planted crop. Accessions from all three regions of Japan were quite closely related. The accessions from Cholla Nam and Cheju in S. Korea formed a cluster, whereas, the accessions from Kangwon were the most different from those from any other region of S. Korea or Japan (Fig. 4) .
DISCUSSION
In this study, 56% of the scorable RAPD fragments were polymorphic. By comparison, in a survey of 38 soybean genotypes Keim et al. (1992) reported that 70% of RFLP probes detected polymorphisms and most loci had only two alleles. Lorenzen et al. (1995) reported that only 44% of screened RFLP loci detected polymor- soybean genotypes. Thompson et al. (1998) found 34% plasm lines that are more likely to have high genetic sim-
The accessions selected in this study came from similar latitudes (33 to 39ЊN lat) in the three countries except ilarity.
The average PIC score of the primers used in this the lines from Heilongjiang province (44 to 53ЊN lat). There are consistent grouping in all of our analyses, but study was 0.32. Although PIC scores can determine the relative usefulness of probes or primers among accesthere is no clear relationship among accessions from similar latitudes. All the accessions from Japan and S. sions, they cannot distinguish between low and high fragment frequencies for the RAPDs. The average freKorea that clustered with the Chinese lines in the consensus clusters also mixed with or were close to the quency of the polymorphic RAPD fragments among the accessions observed in this study was 0.54. Keim et Chinese lines in the PCA scatterplot (Fig. 3) . Three accessions from S. Korea (KO-CH4, KO-CH5, and KOal. (1992) found that polymorphism frequency was 0.55 per probe when only adapted lines were included, and CN8) that were very close to the Chinese lines in the PCA scatterplot but formed an independent cluster 0.69 per probe when all types of genotypes were included. RAPD markers with a 0.5 average frequency (Cluster 9). The results from this study as well as from Griffin will be the most informative in the study of genetic diversity. and Palmer (1995) and Perry and McIntosh (1991) indicate that the soybean genepool of Japan and S. Korea The genetic distances between accessions from China and accessions from Japan or S. Korea were significantly was probably derived from relatively few introductions from China. Fragment OPA-20 450 occurred in 60% of different from those between accessions from Japan and S. Korea. All of the analytical procedures used clustered the accessions from China but was absent from all accessions from Japan or S. Korea. The high genetic similarity the accessions from Japan and S. Korea together and separated them from the lines from China. These results between S. Korean and Japanese lines support the theory that they share a common origin. Since the soybean agree with the findings of Griffin and Palmer (1995) based on the variability of thirteen isoenzyme loci in is reported on the Korean Peninsula earlier (Kim, 1993) than in Japan (Kihara, 1969) , the soybean in Japan may 1,005 domesticated soybean accessions from Manchuria (present northeast China)-Siberia, India-South Central have originally come from Korea. Within China the groups formed generally reflected the geographical oriAsia, China, Japan, S. Korea, and Southeast Asia. They indicated that groups of G. max from Manchuria-Siberia gin of the accessions, but within Japan and S. Korea the clustering of accessions showed little relationship to and China were closely related and accessions from Japan and S. Korea were closely related but were disorigin. No cluster was identified that contained only accessions from Japan and only one cluster with only tinct from those from China (Griffin and Palmer, 1995) . However, they did not provide detailed origin informa-S. Korean accessions was formed. The degree of genetic variation revealed by RAPDs tion of soybean accessions from China, Japan, and S. Korea. The result of our study was also consistent with within China was more extensive than that within Japan and S. Korea. Although the number of individual accesthe report of Perry and McIntosh (1991) who evaluated 2250 soybean accessions from 78 countries based on the sions sampled from each region was small and not fully representative of total available diversity within each 17 morphological traits to determine variations among and within geographical regions. Canonical discriminant country, these data do provide general genetic patterns. Accessions from S. Korea and Japan were sampled from analysis and clustering of canonical means put the lines from S. Korea and Japan into one group and Chinese three regions in the range of 33 to 39ЊN. latitude. The nonsignificance of all interpopulation distances within lines into a separate group. They also indicated that the clusters containing Chinese accessions were more Japan indicated a high degree of uniformity within this gene pool. Among the three regions of S. Korea, the diverse than other groups. The consistency of results based on three different classification tools provide inter-population distances were significant only for Cheju vs. Kangwon, and Cholla Nam vs. Kangwon (Table 6 ). strong evidence that accessions from Japan and S. Korea are genetically similar and are distinct from accessions Although Cheju is an island approximately 3Њ latitude south of Cholla Nam, the interpopulation distance befrom China.
Many cluster procedures have been reported for motween the two regions was not significant. The interpopulation distances within Japan and S. Korea were much lecular marker data analysis (Lubbers et al., 1991; Grabau et al., 1992; Kresovich et al., 1994; Griffin and less than those between most provinces in China (Table 6). Palmer, 1995; Gizlice et al., 1996; Thompson et al., 1998) but most conclusions are usually based on one proceIdentifying a genetic structure within soybean germplasm is useful for establishing strategies for sampling dure only. If natural groupings exist among soybean accessions, different clustering procedures should proand managing germplasm. On the basis of these results, Japan and S. Korea are secondary sources of soybean vide similar results. In this study, we identified 14 groups with two outliers using the UPGMA procedure, 15 clusgermplasm but are distinct from the Chinese gene pool. Crosses between the Chinese and Japanese or the Chiters with Ward's procedure, and 14 clusters using VAR-CLUS. Although none of the results from the individual nese and S. Korean gene pools could create more genetic variability than crosses between provinces in the Chiprocedures completely matched the consensus assignments of the clusters, 26 of 27 clusters were defined by at nese gene pool. As a center of origin, as many as 23 000 G. max and least two procedures. These data provide strong evidence that natural genetic groups exist among these accessions. 6100 G. soja accessions have been collected from 31
